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The amplitude and waveform shape of atmospheric acoustic pulses propagating horizontally over a
seasonal snow cover are profoundly changed by the air forced into the snow pores as the pulses
move over the surface. This interaction greatly reduces the pulse amplitude and elongates the
waveform compared to propagation above other ground surfaces. To investigate variations in
snow-cover effects, acoustic pulses were recorded while propagating horizontally over 11 different
naturally occurring snow covers during two winters. Two inversion procedures were developed to
automatically match the observed waveforms by varying the snow-cover parameters in theoretical
calculations. A simple frequency-domain technique to match the dominant frequency of the
measured waveform suffered from multiple solutions and poor waveform matching, while a
time-domain minimization method gave unique solutions and excellent waveform agreement.
Results show that the effective flow resistivity and depth of the snow are the parameters controlling
waveform shape, with the pore shape factor ratio of secondary importance. Inversion estimates gave
flow resistivities ranging from 11 to 29 kN s, except for two late-season cases where values of

60 and 140 were determingdompared to 345 for the vegetation-covered site in the summer
Acoustically determined snow depths agreed with the measured values in all but one case, when the
depth to a snow layer interface instead of the total snow depth was determined. Except for newly
fallen snow, the pore shape factor ratio values clustered near two values that appear to correspond
to wet (1.0) or dry (0.8) snow. [DOI: 10.1121/1.1328793

PACS numbers: 43.28.En, 43.28.Fp, 43.6QLR&S]

I. INTRODUCTION ous snow properties or structures was ignored. It was not
recognized until the 1950’s that the physical properties of the
The interaction of sound energy with the ground is ansnow and snow metamorphism had an effect on the acoustic
important  effect in  understanding outdoor soundproperties of the snow. Careful experimental measurements
propagatiort.™ It affects predictions of traffic, industrial, or were reported by a number of Japanese researthéfsyho
blasting noise levels, which are becoming increasingly im-conducted short-range acoustic measurements using loud-
portant in mitigating or preventing community noise prob-speakers and continuous wai@W) sources in and above a
lems and assessing environmental impacts of various activsnow cover, and reported differences between the propaga-
ties. Snow is of interest in these applications since it is thajon characteristics of “new” and “compact” snow. This
most absorbent, naturally occurring ground cover. The preswork is summarized in Refs. 11 and 19. Short range mea-
ence of a snow cover has a large effect on acoustic pulseurements were also reported by Tillot€8nGublef? re-
propagation, causing increased attenuation and markegbrted on measurements of peak amplitude decay for propa-
waveform changes compared with propagation ovegation experiments on a shallow snow cover using an
grassland. This article reports on measurements that wereexplosion source.
undertaken during two winters to investigate a wide range of  johnsof? was the first to apply Biots~2>complete and
snow covers and to examine the effect of snow cover propcomprehensive treatment of wave propagation in a porous
erties on acoustic pulse propagation outdoors. The feasibilityhedium to snow. However, for acoustic waves propagating
of using acoustic measurements to automatically determingpove a snow cover, the full Biot theory is not necessary,
properties of the snow itself is also examined. since treating the snow as a rigid-framed porous material is
Although it has long been known that a snow covergygficient to describe the air flow within the pores, and the
strongly absorbs sound, there are still significant experimeng|astic properties of the ice grain bonds have little effect.
tal data gaps limiting the understanding and ability to predictrp;g simplified theory has been widely used to treat ground
acoustic wave interaction with snovEarly papers on acous- effects in outdoor sound propagation over soils and giss.
tics and snow were rather infrequent, and primarily reporteq;arious formulations have been developed to model the
that snow strongly absorbed aydible acoustic waves, eithefq,stic effects of the rigid porous material; Delaney and
through anecdotal reports, simple measurements,or Bazley’ developed an empirical relation that is widely used;
simple calculationS.In all of these papers, the effect of vari- Attenborough'@® four-parameter modelthe parameters are
effective flow resistivity, porosity, and two shape facjass
dElectronic mail: dalbert@crrel.usace.army.mil theoretically based. These rigid-frame models have been
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used to analyze data from short-range, high-frequency CW ' ' ' '
measurements over snéw:° pulse measurements at longer I
ranges and lower frequenci&sand laboratory measure-
ments on snow sampléé3the physically based model has
been shown to give better agreement than the Delaney-
Bazley empirical model.

Power, dB

. . . 60, 1 L L L
In this paper, experimental measurements of acoustic ~ 0 200 400 600 800 1000

. Frequency, Hz
pulse propagatlon over seasonal snow covers are reportet

The measurements were conducted over two winters to in:

vestigate the variations in acoustic response caused by natt

rally occurring variations in the snow-cover parameters. The

next section of this paper discusses the experimental ap

proach. A waveform inversion method is developed to deter- i

mine the snow-cover parameters from the acoustic measure sms

ments and applied in the following section, and the

acoustically determined parameters of the snow are COH‘[-;G' 1. Estimated source pulse from the blank pigtmttom and calcu-
I

d he di v ob d . h ated power spectral magnitud®p). Because measurements of the source
pared to the directly observed snow properties. These resu Ise made using a microphone 10 m away were influenced by ground

are discussed and summarized in the final section. reflections (and were often clippad this source pulse i®stimatedby
smoothing a measured waveform. The source spectrum shows the frequency
Il. EXPERIMENTAL MEASUREMENTS bandwidth of the measurements.

The experimental objective was to determine the acous-
tic response and its variability for typical New England sea-sured within the ground and snow and at heights of upto 5 m
sonal snow covers. To accomplish this goal, broadbanéh the air. Wind speeds at 1- and 3-m heights were also
acoustic pulses were recorded as they propagated horizorecorded, along with relative humidity and barometric pres-
tally above the soil or snow surface at an undisturbed site isure. All of the experiments were conducted on days of light
Hanover, NH. As the snow-cover properties changed duringr no wind and over short propagation ranges, so the atmo-
two winters, the measurements were repeated at the sampheric conditions introduced little variability in the acoustic
location with an identical experimental setup. Careful charimeasurements.
acterization measurements were also done to allow the Seismic refraction measurements taken under summer
acoustic results to be compared to the snow-cover propertieonditions indicated a compressional wave velocity of 265
and other environmental conditions. Snow-cover characterisns * at the surface, with the velocity rapidly increasing to
tics change, and not only as a result of deposition fromabout 400 ms* within the upper meter. Laboratory analysis
storms or melting during thaw periods. Snow continuallyof soil samples showed that the soil type throughout the test
metamorphoses as a result of temperature and vapor gradirea was a silty sand. The soil moisture content during the
ents within it>* and one of the goals of these experimentssummer experiment was 25%.
was to investigate how such physical changes within the Figure 2 summarizes the experimental measurements
snowpack affect the acoustic response. obtained. The figure shows the normalized pressure wave-
A handheld .45-caliber blank pistol fired 1 m above theform recorded by a surface microphone 60 m away from the
soil or snow surface was used as the source of the acoustiource location, for 11 different snow covers and for grass-
waves. The acoustic pulses were monitored using a linearovered ground. The waveforms recorded over snow are all
array of 4.5-Hz Mark Products model L-15B geophones anctlongated to various degrees, and exhibit relatively stronger
Globe model 100C low-frequency microphones located atow-frequency content than those recorded without snow
the soil or snow surface at distances up to 90 m away fronpresent. This change in waveform shape when snow is
the source. In addition, two Bruel & Kjaer type 4165 micro- present is mainly attributable to the existence of an acoustic
phones were used to record the source pulse. A Bison modslrface wave above the highly absorbing snow surffce.
9048 digital seismograph, triggered by a microphone locatedhe differences in the recorded waveforms are caused by
near the pistol, was used to record the waveforms at a sanchanges in the snow-cover properties, which are also shown
pling rate of 5 kHz per channel. The useful bandwidth of theschematically in Fig. 2 and listed in Table I. These waveform
measurements is estimated as 5-500 Hz and is limitedhanges will be examined more closely below when the in-
mainly by the source output and the high frequency roll-offversion method is developed.
of the Globe microphonesee Fig. 1 Two of the tests, experiments 11 and 12, occurred dur-
For each winter experiment, a snow characterization pitng the spring melt period. For these tests, the entire snow-
was used to determine the temperature, density, wetnegsack had ‘“ripened”; it had been at the melting point for
grain size, and crystal type for each layer present, using stasome time, allowing the ice grains to become very large, and
dard technique® Snow and frost depths were also measuredvas rapidly melting. The snow cover was becoming very
throughout the test site. The ground was always frozen to atonuniform in depth and discontinuous in some areas as the
least 0.10 m depth during the winter measurements. melt season progressed. These measurements showed the
Meteorological data were collected using a Campbellsmallest waveform elongations recorded during the winter.
Scientific model 21X data logger. Temperatures were mea- For each of the experiments, the peak pressure of the
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surface microphone@able 1. These ratios vary from 2 to
16x10 ®*mstPa ! and are in agreement with previous
measurements?’ 40
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Ill. ACOUSTIC WAVEFORM ANALYSIS

The experimental data collected show that the acoustic
pulse shapes are greatly affected by the presence of a snow
cover. In this section, a method for automatically modeling
these waveform changes and using this model to determine
the physical characteristics of the snow cover is developed.

Snow Depth (cm)
n
o

4 [a]

\
P NN N N T N T A

A. The forward problem: Calculating pulse shapes

363 4 10 22 31 39 €5 193 10 16 52 59 from known surface properties
1989 L 1990 I 1901 Although most previous work in outdoor sound propa-
gation used continuous wave sources, a few studies have

Julian Day used pulses, which are a much more stringent test of related

~ 2a Parlly Dacomposed Precipitation acoustic theories. A method of calculating pulse shapes

.~ 2b Highly Broken Precipitation Particles _ ..

@ 3c Rounded Grains with Developing Facets Mixed Forms _based on the Delaney Bazle)_/ 4emp|r|cal maaer ground

O 4a Solid Faceted Rounding Mixed Forms impedance has been developed*and applied to investiga-

0 4o Paceta wih Rounding Miced Forme tions of soil propertie§}#24°46 This work has been

< 6a Wet Clustered Roun rains . . . .

o b Mtt-resze Rounded Grains extended' by including a more complicated but physically

I 8a Basal Ice Layer based model of ground impedarf€eThe new model gave

%, Grass and Weeds better agreement with observed measurements for snow, pri-

FIG. 2. Chronological evolution of snow-cover properties and the acousticmanly because of its _Ir.]creased accuracy at low frequenmes
pulses measured after propagating from a source 60 m away. The snowompared to the empirical model.

cover stratigraphy and crystal type are shown below the acoustic wave- ~ The procedure for calculating theoretical acoustic pulse
forms; additional snow-cover properties are listed in Table I. The micro-\yaveforms from known(or assumep surface properties is
phone pressure waveforms are normalized. Experiment nhumbers indicate&ieﬂy outlined here. For a monofrequency source in the air
and a receiver on the surface, the acoustic pre®®arslant

distancer away from the source is given by
pulses, the amplitude decay with distance, and the acoustic- kr

to-seismic coupling ratio, defined as the ratio of induced par- __ _ —(1+Q)e et )
ticle velocity in the snow to the incident acoustic pressure, Po kr

were determined from the data and are listed in Table Il herep is a reference source levédis the wave number in
With the exception of the two measurements made duringi. anqQ is the spherical wave reflection factor representing

the melt period, the peak pressure at 60 m range was small§{a offect of the ground. At high frequencide&1), Q can
by a factor of 3—7 than the peak pressure measured in the, \vritten a&’-49

summer. This reduction in peak pressure is caused by in-
creased transmission of sound energy into the subsurface as Q=Rp+(1—Rp)F(w), (3

the pulses interact with the highly permeable snow cover iQNhere Rp is the plane wave reflection coefficierf, is the

the winter. _ ) boundary loss factor, angl is a numerical distance, all of
The amplitude decay as a function of range was deter.

. " which depend on the specific surface impeda#cef the
m!ned by least-squares fitting of the datfa from the Surfac%round. The impedance is itself dependent upon frequency:
microphones at all ranges to the expression thus, so isQ. [The elongation and relatively stronger low
A(r)=Aqre, (1) frequency content of the measured waveforms in Fig. 2 can
be explained theoretically by the decreas&kpat high fre-
wherer is the propagation distance in rA(r) is the peak quencies and the enhancementFdfv) at low frequencies
amplitude in Pa at rangg A, is the source amplitude at a (see Ref. 31, Fig 4] For a particular frequenc, (denoted
reference distance;, and « is the distance attenuation ex- by subscripin), onceQ,, is determined, the respon8g can
ponent. The coefficient for snow(Table Il) is about—1.8  be written as
over snow(slightly lower during the melt perigccompared

on the figure are in chronological order and are used in Tables I-IIl.

to a value of—1.4 for the grass- and weed-covered ground in Pn=iSan(1+ Qn)eiZanr/C' n=0,1,2,..N—1

the summer. These values agree with previous longer-range 4

pulse measurement values ofL.9 for snow and-1.2 for @
grass-covered sdfl. whereS,, andW, represent the source and instrument effects,

The acoustic-to-seismic coupling was determined fronrespectively, and is the speed of sound in air. An inverse
the collocated surface vertical component geophones aneFT
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TABLE I. Snow cover properties.

Date/ Air Height Snow Grain
Experiment Julian temperature, above temperature, Grain size, Density, Wet snow?
number day °C base, cm °C classificatioA mm kgm 3 (Dye tes}
1 12-29-89  —13.5 0-9 -5.0 4a 4 170 N
363 9-18 -95 3c 2 150 N
18-185 —135 2b 15 N
2 1-4-90 4.0 0-7 0 4a 3 220
4 7-9 0 4a 3 220
9-14 0 6b 2 200
14-17 0 6a 1 260 Y
3 1-10-90 15 0-7 -1.0 3c 3 240 N
10 7-14 0 6b 2 280 Y
4 1-22-90 -5.0 0-5 -25 6b 0.5 210 N
22 5-12 -3.0 2a 0.5 130 N
12-19 -3.0 2a 100 N
5 1-31-90 -3.0 0-7 0 6b 1.0 260 N
31 7-10 -0.5 6b 0.8 240 N
10-27 -25 2a 0.25 120 N
27-35.5 0 6a 0.25 140 N
6 2-8-90 5.0 0-7 0 6b 2 180 N
39 7-10 0 6b 2 220 ¥
10-19 0 6a 2 200 ¥
19-28 0 6a 150 ¥
7 3-6-90 -2.0 0-2 -1.0 8c . >400 N
65 2-10 -1.0 6b 1 290 N
10-14 0 6b 1 340 N
8 7-12-90 18.0 0-10  Grass and weed covered soil
193
9 1-10-91 -10.5 0-3 -5.0 2b 1 100 N
10 3-6 -6.0 2a 4 100 N
10 1-16-91 2.0 0-5 -0.5 4c 0.5 190 N
16 5-10 -0.5 4c 0.5 150 N
10-15 -0.5 4c 0.75 140 N
15-18 -0.5 6a 1 210 Y
11 2-21-91 6.0 0-1.5 0 8c >400 Y
52 15-5 0 6b 12 310 Y
5-10 0 6b 8 270 Y
12 2-28-91 1.0 0-2 0 8c >400 Y
59 2-5 0 6b 4 220 Y
5-9 0 6b 7 250 Y

@Snow grain types are given in accordance with the international standard; see Ref. 35. See Fig. 1 caption for

grain types.
PDuring the acoustic experiments, which were conducted in the morning, the snow cover was cold and no liquid
water was present. The snow warmed up considerably by the time the snow pit was done at noon.

Nl ' these parameters.In this paper, the parameters were calcu-
Pn=y > P 27mN m=0,1,2,..N-1 (5) lated using Attenborough’® four-parameter model of
n=0 ground impedance. The four input parameters are the effec-
is used to construct theoretical pulse waveforms in the timéive flow resistivity o, the porosity(}, the pore shape factor
domain. Nicolaset al?® have shown that an explicitly lay- ratios;, and the grain shape factof. The snow deptkl and
ered model of the ground must be used to represent thithe substrate properties are also required in a layered model.
snow covers, and this was done in the calculations presented Attenborough’s model describes propagation in the po-
here usinglomitting the frequency subscripts rous medium via the propagation const&ptand the char-
acteristic impedanc&, (which is the same as the surface
Z3—iZ,tank,d

_ i dance for a locally reacting matejial
Z= Zz.—, (6) Impe
Z,—iZ5tank,d
1/2
whered is the snow layer thicknesg, is the wave number kzzgqc—m, 7
in the layer, andZ, andZ3 are the impedances of the snow C B

layer and substratum, respectivéRef. 50, p.17.
The acoustic behavior of the soil or snow is specified by ~ Zc 9 1 ®
the specific impedancg, and wave numbek,, which are poCo O BY2CY?
used in Eqs(3) and(6) to find the theoretical waveform. A
number of models are available in the literature to calculatevhere
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TABLE Il. Range decay coefficient and acoustic-to-seismic coupling ratio measured for air waves. The error
bounds are 95% confidence intervals.

Acoustic-to-seismic

Range decay coefficient coupling ratio,
a msipal Peak
amplitude
Experiment Number of Number of Ratio at 60 m

number Date points a points %1076 Pa

1 363-89 32 -1.9+0.4 31 1.9-0.2 37

2 04-90 13 -1.8+0.4 60 3.30.3 5.3

3 10-90 18 -1.7+0.2 80 2.90.2 5.0

4 22-90 42 -1.6+0.3 42 5.6-0.7 21

5 31-90 40 —-1.8+0.4 40 16.2:1.5 2.3

6 39-90 35 -1.7+0.3 35 7.3-:0.5 2.0

7 65-90 18 -1.8+0.3 36 3.30.3 33

9 10-91 68 -1.9+0.2 59 2.9-0.3 4.0

10 16-91 50 -1.8+0.2 50 10.8:0.8 2.9

11 52-91 91 -1.6+0.1 89 3.6:0.2 6.6

12 59-91 76 —1.4+0.1 76 4.70.3 7.3

8 193-90 48 -1.4+0.2 27 4.10.9 13.8

2 2(y—1) " 1. Frequency-domain inversion
B= 1—5T(D) , C=|1-—3—T(Np/D)|,
Npr The elongated, low-frequency acoustic surface wave is a
T(X)=[J.(x)1/[Io(¥)] dominant characteristic of the pulse waveforms observed
is the ratio of cylindrical Bessel functions, propagating over a snow covésee Fig. 2 The first inver-
1 sion attempt, therefore, was to try to match the dominant
A= S_[(gpquw)/(Qg)]UZ, D=, frequency of the observed waveform, since this frequency
f

should sensitively depend on the snow-cover properties re-
sponsible for the acoustic surface wave shape. If successful,
this inversion procedure would be extremely rapid, since the
y=the ratio of specific heaté=1.4 for ai), Np=Prandtl  proadband time-domain waveform would not need to be cal-
number(=0.71 for ai), andw=2f. culated as part of the search procedure. Fast methods of find-
For all of the calculations in this paper, the grain shapgng the peak frequency from a given set of assumed acoustic

factorn’ was set to 0.5 corresponding to spherical grainsparameters could be developed to further reduce the calcula-
and the porosity() was determined from the measured den-on times.

sity of the snow. Parameters for the frozen soil beneath the Unfortunately, problems were encountered when this in-

snow were ;'lxed ao=3000 kNsm K 0=0.27,5=0.73,  \ersion strategy was tested. Figure 3 shows a simplified ex-
and n’=0.5"" The effective flow resistivityo, the snow  gmie of the inversion. In this figure, the snow depth was
depthd, and the pore shape factor raipwere varied in the  po|q 4t the measured value of 0.28 m at the sensor location,
inversions discussed below. and the pore shape factor raspis fixed at a value of 0.8.
Only the effective flow resistivityr was allowed to vary in
calculating the theoretical peak frequency. The figure shows
B. The inverse problem: Finding snow parameters to that there are two solutions; that is, there are two values of
match the observed acoustic waveforms the flow resistivity that give agreement with the observed

The previous section discussed fbeward problem, us-  Peak frequency. Thisonuniquenessf solutions is a com-

ing a rigid-ice-frame porous model of snow to calculate themon feature of inversions, and indicates that the information
expected waveform shape when the snow properties are megontent of the measurements is not enough to require a single
sured or assumed. Through trial-and-error calculations, gooBarameter value to obtain agreement. There are a number of
agreement between the calculated and observed waveforrAgproaches one can take to investigate this nonuniquéhess.
can often be obtainetl. However, this procedure is time However, these approaches were not considered because
consuming and tedious, and does not provide informatiorthe problem is more serious than just finding multiple solu-
about the uniqueness of the waveform match or the sensitiiions. Figure 4 shows a comparison of the observed and the-
ity of the calculated waveforms to the snow parameters. Iretical waveforms; the agreement is very poor. Apparently,
this section, thénverseproblem is investigated, where the the frequency-domain representation of the observed wave-
observed waveform is used to determine automatically théorm has a very broad spectral maximum. Thus, matching
acoustic parameters of the snow. Two inversion strategieghis parameter is not sufficiently sensitive to yield good
one in the frequency domain and one in the time domainywaveform agreement as had been hoped. Although the
were investigated in an attempt to match the experimentallynethod had the promise of very rapid calculations and inver-
observed waveforms. sions, it had to be abandoned because of its poor accuracy.

g%=Q " =tortuosity,
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65 T I T | | T T l T ing Attenborough’$® model of ground impedance and Egs.
(2)—(6) as discussed above. For the snow, a single snow
layer is used, with the effective flow resistivity, the snow

0 | depthd, and the pore shape factor ratpbeing allowed to
vary; parameters for the frozen soil below the snow are fixed
55— - at 0=3000 kNsm* 0=0.27,s,=0.73, andn’=0.5. For

the summer case, a half-space model of the ground with the
same variable parameters is used.

In setting up an inverse problem, one has a choice of a
norm (or measurgof what is considered to be a good solu-
tion. Solutions are then compared using that norm, with the
best solution having the minimum value. In this case, the
________ norm was chosen to directly match the theoretical and ob-
— served waveforms. The best-fitting waveform was selected
under theL,; norm criterion(i.e., the sum of the absolute
value of the differences between the calculated and observed

Calculated fmax

50

45

Frequency (Hz)

40

3= ] waveforms over a fixed time windgvby minimizing
waveform
bs cal
30 S LS S T Y S Error= PPPS—PPAq. 9
0 10 20 30 40 50 ;0 L e ©)

Flow Resistivity (kN s m™%) o )

A least-squares criterion, the, norm, was avoided because
FIG. 3. A simplified example of the frequency-domain inversion for the jt hea\/ily Weights, and tries to reduce, the maximum misfit.
acoustic waveform for experiment 6. The dashed line indicates the pea?ince the source pulse in the calculations is an estimated one
frequency found by Fourier analysis of the measured waveform, about 4 I f h . hi h,
Hz. The symbols indicate theoretical peak frequencies, open circles reprér-md not actually r_neas_ured_ or each experiment, this a_pproac
sent the FFT bin, and filled circlggonnected by the solid linghe inter-  allows for errors in this estimated source pulse to be ignored
polated frequency value. Theaxis is the flow resistivityr used to calculate  hile accurately fitting the overall, low-frequency portion of
the theoretical peak frequency. The snow depth is held at the measureﬁi]e measured waveforms. However. as will be shown below
value of 0.28 m at the sensor, and pore shape factor satis fixed at a ' ! !
value of 0.8. Only the effective flow resistivity is allowed to vary. the _Waveform agreement turned out to be so close that the

choice of norm had no effect on the results, and tests done

using theL, norm gave the same results.

Before discussing the actual results of this inversion

In this section, an inversion procedure for directly method, a simpler two-parameter inversion example is exam-
matching the normalized, time-aligned microphone waveined as an illustration. In the actual inversions, the pore
form is discussed. Theoretical waveforms are calculated usshape factor ratio parameter had a small effect on the wave-

form fits, so it was held constant for this example. Changes

in the effective flow resistivity and snow depth had a much

larger effect on the theoretical waveform shape. Figure 5

a. shows these effects by comparing the observed waveform

with calculated waveforms for a subset of values of the flow
resistivity and snow depth parameters. The best parameters,
0=12.5 kNsm* andd=0.19m, are easy to determine by
eye and give excellent waveform agreement.

Figure 6 shows the error surface calculated for this ex-
periment as the snow depth and effective flow resistivity
were varied in the theoretical calculations. Even over this
very large range of parameters, the surface is smooth and has
only a single minimum. The appearance of this surface is
very encouraging and unusual for an inverse problem, since
the single minimum shows that there is only one best solu-
tion, and the smoothness of the surface indicates that it will
be easy to find that solution, as apparently no local minima
exist that could confuse a search procedure.

To find the best waveform fit, a simplex iterative search
proceduré® was implemented, with three variables: the ef-
fective flow resistivity o, the snow depthd, and the pore
FIG. 4. Comparison of the observesolid lineg and calculateddashed  shape factor ratis;. The waveform comparison was calcu-
lines) waveforms.(@) Measured pulseb), (c) Using the frequency domain 5404 for three initial tripletéwith unrealistic starting param-
inversion procedure and the parameters determined from Fig. 3. The agree- .
ment is very poor(d) Using the time-domain inversion procedure shows eter yalue},s and these values were then Useq to estimate the
much better agreement. gradient of the surface and select the next points to be tested.

2. Time-domain waveform inversion

20 ms
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FIG. 5. Visual comparison of the agreement between the obsédesthed
lines) and theoreticalsolid lineg waveforms for experiment 4. The best fit

occurs when the snow depth is 0.19 m and the effective flow resistivity is

about 12.5 kN sm?, in agreement with the surface minimum shown in
Fig. 6.

1 \ . 8 Grass
A\

— /\f Source Pulse

20 ms

FIG. 7. Comparison of observedolid lineg and acoustically determined
theoretical waveformgdashed linesat a propagation distance of 60 m for

The algorithm moved smoothly and directly to the solutionall of the experiments. The agreement is excellent in all cases. Table Il lists
in all cases; restarts with different initial values led to thethe snow parameters found using the waveform inversion procedure.
same final solution. The results of the inversions presented
below indicate that the smooth shape of the error surfacR/

. . . . . . RESULTS
with a single minimum, as shown in Fig. 6, appears to be a

general property, as all of the data waveforms were inverted

Figure 7 shows the measured and the theoretical wave-

without encountering any uniqueness or convergence proligyms for all of the experiments. The inversion procedure has
lems. Because of the smoothness of the error surface, a leSsen aple to automatically match waveforms of quite differ-
conservative convergence procedure would probably worlgnt anpearance, and the agreement is excellent in all cases.

well and increase the search speed. Figure 4 shows the iMpje 1| gives the snow parameters determined from the
provement in waveform matching obtained using the timecoystic waveform inversion, listed in order of increasing
domain search procedure instead of the frequency—doma@ore shape factor ratio.

inversion.
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Difference

The acoustically determined snow depths agree well
with the directly measured values. In most cases the agree-
ment is within 0.02 m, which is less than the 0.05-m or
greater variation in snow layer thickness along the actual
propagation path caused by wind crusts and slight topo-
graphic variations. The worst error is 0.05 m, for the thickest
snow cover(experiment 5, 0.35 m In all but one case, the
full snow depth was determined. This is not a surprising
result considering the large acoustic wavelengths compared
to the snow layer thickness. In the exception, experiment 3,
the depth to a snow layer interface was determined. An ice
layer was not noted at that depth in the snow pit, as might be
expected, but a transition occurred from a fine-grained layer
above to a coarse-grained layer beneath. This situation has
been termed a “capillary barrier” to melt water flow through
a soil or snow cove?**°Since the daytime high air tempera-
tures had risen to above 0°C for a few days before this
experiment, some melting may have occurred. The melt wa-

FIG. 6. Comparison of the agreement between observed and theoreticel would not have penetrated this interface because of the

waveforms for experiment 4, using the norm given by E). The snow

depth and effective flow resistivity are varied in calculating the theoretical
waveforms. The best waveform agreement occurs at the minimum of thi

difference in capillary forces, and a very thin ice crust may

Qave formed at this depth, which was overlooked in the snow

smooth surface, and the goal of the inversion procedure is to find that miniPit but affected the acoustic wave penetration.

mum.
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Figure 8 shows the relationship between the half-period
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TABLE Ill. Snow parameters from waveform inversion.

Effective
flow Acoustic Measured Pore shape
Experiment resistivity o, snow depth, snow depth, factor ratio,
number kKNsm* cm cm S Wet snow?

6 12 30 28 0.75 Y
7 24 17 14 0.79 N
4 12 19 19 0.80 N
5 11 30 35 0.81 N
1 27 16 18 0.84 N
2 26 14 17 0.93 Y
3 14 ¢ 14 0.97 Y
12 137 3 1-9 0.98 Y
10 11 21 20 0.99 Y
11 58 5 4-10 1.02 Y
9° 29 5 6 1.39 N
g 345 1.00 N

#The snow was wet when the snow pit observations were made, but dry when the acoustic measurements were
done earlier that morning.

PDepth to a snow layer interface.

‘Newly fallen snow.

dGrass and weed covered ground; no snow present.

of the pressure waveform, defined as the time interval befor the only measurement over newly fallen snow was vastly
tween the peak positive and negative pressures, and the snalifferent at 1.4. This parameter is defined as
depth. This plot shows a strong relationship between the 872
H 2
waveform elongation and the snow depth. St = Qor?’ (10
The effective flow resistivity values in Table Ill range Tn
from 11 to 29 kN s m*, except for two late-season cases of Wherez is the dynamic viscosity of aig?® is the tortuosity,
discontinuous and very variable snow covers, where value® is the porosity g is the effective flow resistivity, and, is
of 58 and 137 were determined. For the grass-covered site #he hydraulic radius, defined as twice the area divided by the
the summer, a value of 345 kN sthwas determined. These circumference of the pore cross-sectional shape.
values agree with previous outdoor measurements on snow The pore shape factor ratio was clearly secondary in
and soilt329-31.56-%8The yalues also agree with Attenbor- importance, compared to the effective flow resistivity and
ough and Buser's directly measured vafitéd of 5 to 17  snow depth, in determining the waveform fits. These two
kN sm 4 for alpine snow. parameters caused very large changes in the waveform shape
The results listed in Table Il for the pore shape factoras they were varied, as can be seen from Fig. 5. The pore
ratios; are of interest, since the values seemed to cluster intshape factor ratio did seem to influence the waveform shapes
two groups, one near 1.0 and the other near 0.8. The valugdependently of the other parameters, causing the relative
amplitudes of the peaks and troughs to vary, while leaving
the overall shape and elongation unchanged. The clustering
40 - ' ' ' - ' ' of the determined values indicates that this parameter may
contain information about the pore structure and not just be a
free parameter varied randomly to improve the waveform
. fits.

w
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T
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In all but one experiment, the presence or absence of

. liquid water in the snow corresponded with the two values of

1.0 and 0.8 Table Ill). For the single exception, experiment

6, a closer examination of the field notes and meteorological

data(including snow temperaturshowed that the snow was

wet when the snow pit observations were made, but still cold

1 and dry when the acoustic measurements were done earlier

that morning. The presence of liquid water within the snow

7 pack, which tends to gather in the smallest pore necks be-

cause of surface tension, could be a physical change respon-

. . . . . s . sible for the observed changes in this parameter. The snow
0 2 4 ® petiogzms 20 M 18 pores have complicated shapes and a wide distribution of

sizes. Filling the smallest pores with liquid water would re-
FIG. 8. Half-period of the acoustic waveform vs measured snow depth. move them from the acoustic interactionS, which occur On|y

N N
o (3]
T T

Snow Depth, cm
-
o

10
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in air-filled pores, perhaps causing the measured change in
the pore shape factor ratio parameter. For the newly fallen
snow (experiment 9 the pore structure is expected to be
quite different because of the much-flatter grain shapes.

Although originally derived as an index of cross-
sectional shape, for uniform pores, later wirk®° has
shown that the pore shape factor ragioshould approach a
value of 1 at low frequencies. In addition, comparison with
measured data has shown thgt varies with frequency.
Models of acoustic wave propagation in porous materials
that explicitly include the effect of pore-size distributfor®
have shown that the range of pore sizes present in a material
can have measurable effects on the propagation. For these
measurements on snow, the determined values of the pore
shape factor ratio may be indirectly indicating differences,
not in the pore shapes, but in the pore-size distribution. Con-
firming this hypothesis is left for future work.

Figure 8 shows that the wave elongation is proportional
to the snow depth. Are there any other connections between
waveform appearance and snow-cover properties? The wave-
forms for the measurements where the surface layer of the
snow was grain type 6@xperiments 2, 5, 6, and 1@re all
similar, with a sharp initial pulse followed by a low- 10 ms
frequency surface wave. Also, when the snow surface layer
was grain type 6lfexperiments 3, 7, 11, and 1 2he initial
part of the pulse was much more rounded. However, mea-
surements over surface snow of type 2 gréaemeriments 1,

4, and 9 have both types of waveforms. Snow-cover deptfic, & Bk PR oL o e g s/ te  Thse
does consistently divide this set of waveforms into the SharB\Iaska during the development of an atmgspheric inversion layer shortly
initial front (experiments 1, 2, 4, 5, 6, and)1@nd rounded after sunset. An arrival that is refracted through the air above the snow cover
initial front (3, 7, 9, 11, and 1)2 classes, depending on appears and becomes stronger with time as the air c@disdified from
whether the snow depth was greater or less than 0.15 nRef 64

respectively.

However, the reader is cautioned that these observatio Ise propagation in the atmosphere have been presented
are extremely tentative, and must be confirmed by additiong?;e measurements show that. when a Snow cover is present.

obsler_vattl_ons: Ir:htrt]e tauthorhs Qplnlor;,_t_a much moret II:($r|]3/'[he acoustic waveform shape, peak sound-pressure levels,
explaination 1S that aimospheric conditions may control e,y sqng attenuation rates are very different from those
initial appearance of the waveforms. A slight headwind or

. : measured under summer conditions. An automatic waveform
upward-refracting temperature gradient would tend to ben%version method was successfully implemented and was
the direct ray upwards, reducing its amplitude relative to th

f " | h ; hil q Sble to determine unigue snow parameters that gave excel-
surtace wave propagating along the surface, while a dowryg ,, agreement between the measured and calculated acoustic

wind or QOwnward—refractmg condition would tend to en- waveforms. The effective flow resistivities determined using
hance this wave. , this automatic inversion method agree with previous acoustic
,A subsequent m'easurement n AIa%kahqwed a dra- measurements on snow. The acoustically determined snow
r_natlc example of this atmospheric effect. Figure 9 Shov‘_'sdepths agreed with the directly measured depths, except for a
f|ve waveforms recorded at a range of 202 m over a 3-mi ingle case where the depth to a snow layer interface was
interval. The sun had set shortly before the measurements Also, except for a single measurement over newly

were made, and a strong temperature Inversion was rapld%"en snow, the pore shape factor ratios determined by the

fprmmg. The coolmg. caused a large amplitude refracted alhversion procedure clustered into two groups that may indi-
rival to appear during the course of the measurement

“sh ing” the initial t of th P hile th %ate the presence or absence of liquid water within the snow-
sharpening € infial part of the wavetorm, while the . - additional measurements will be made over snow and
surface wave pulse remained unchanged. The snow-cov

ties did not ch during the short i iod ther winter ground conditions to continue this investigation
broperues did not change during the snort ime perod Ol environmentally induced variations in acoustic propaga-
these measurements and cannot have been responsible for ﬁ?ﬁ]

observed waveform changes.

P9

i

In the future, the theoretical approach will be improved
in three ways. First, the inversion method will be expanded
V. CONCLUDING REMARKS to include layers within the snow, rather than treating it as a

In this paper, the results of 11 separate measurements eingle layer. This modification may allow the snow cover
the effects of New England seasonal snow cover on acoustitratigraphy to be determined acoustically. However, the
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